Abstract: Weak gauge boson pair production is an important process at the LHC because it probes the non-Abelian structure of electroweak interactions and it is a background process for many new physics searches, and with enough statistics we can perform comparisons between measurements and theoretical calculations for different but correlated observables. In these proceedings, we present a theoretical status including state-of-the-art results from recent calculations of higher-order QCD and electroweak corrections.
Introduction
Since the discovery of the Higgs boson in 2012 by ATLAS [1] and CMS [2] , there has been no clear evidence of new physics at the LHC. This naturally leads to the focus on precision physics. If done carefully and correctly, precision physics will help us to identify new physics beyond the Standard Model (SM). We can estimate how high precision can be achieved, but unfortunately we do not know how strong are new physics effects.
LHC at 13 TeV brings great opportunities. It opens up new channels which have never been explored so far. These include top quarks, gauge bosons and Higgs bosons in the final state. In the following, we will discuss the case of weak gauge boson pair production, i.e. W + W − , W ± Z and ZZ, in the SM. Weak gauge boson pair production mechanisms provide an important test of the non-Abelian gauge structure of the SM. It is a good way to check the trilinear gauge couplings among the W , γ and Z bosons. The key point here is gauge invariance. If this is broken, e.g. the s-channel diagram is removed, then unitarity will be violated and agreement with measurements will be destroyed, as seen from Fig. 1 at LEP2 [3] . One interesting question arises in this context. Asumming that gauge invariance is preserved, to what extend we can modify the SM gauge couplings such that agreement with experimental data can still be achieved? In addition, diboson production are important backgrounds to many studies such as Higgs boson production. It is therefore mandatory to have a rigorous theoretical understanding and precise calculations.
The QCD next-to-leading order (NLO) corrections to massive gauge boson pair production have been known for a long time [4, 5, 6, 7, 8, 9] . Recently, next-tonext-to-leading order (NNLO) QCD calculations have been completed for ZZ [10] , W W [11, 12] and W Z [13] . Concerning EW corrections, results at the on-shell level were obtained in [14, 15, 16] , and recently full results including off-shell effects and spin correlations for leptonic final state have been calculated in [17, 18] for the case of electrically neutral final state. It is now a good time to review our current understanding of massive gauge boson pair production at the LHC up to the level of NNLO QCD and NLO EW, with or without leptonic decays. The important topic of anomalous couplings is not discussed in this work.
Born level and generalities
The process
where V, V ′ = W, Z has two important features at Born level, with two quarks in the initial state. The amplitude is of purely electroweak nature, being independent of α s . The amplitude is strongly constrained by gauge invariance. Notably, the vanishing of the ZZZ coupling at tree level and only W W Z and W W γ are allowed at tree level in the SM. At the LHC, we can classify Eq. (1) into two classes according to the total electrical charge of the final state: W W and ZZ have Q = 0, while
That is a simplified picture at the on-shell level. In reality, the mean lifetime of W bosons is about 3.2 × 10 −25 s and Z about 2.6 × 10 −25 s [19] . The branching ratio of W decay into charged leptons (muon or electron) is about 21.3% and Z about 6.7% [19] . It is therefore possible to use the fully leptonic decay modes to do precision physics at the LHC. The fully hadronic decay modes, even though having larger branching ratios, suffer from large QCD backgrounds and the issue that hadronic mass resolution is limited. The semileptonic chanels can however be interesting and have been investigated at ATLAS [20] and CMS [21] . When V is produced with large transverse momentum, its hadronic decay products are highly collimated, leading to a single jet. A recent ATLAS study [22] shows that using jet substructure techniques can provide a 50% efficiency for identifying W bosons with p T > 200 GeV.
From leptons in the final states, the so-called ZZ, W W , and W Z signals are then defined using cuts to select leptons which likely originate from the Z or W bosons. To compare with measurements we must do the same from theory side. On-shell approximations are useful to understand the structure of radiative corrections, but are not good enough for precise comparisons with data.
NLO and NNLO QCD corrections
In this section, we mainly try to understand the structure of QCD radiative corrections. For this purpose, the on-shell V V ′ final state are considered. The NLO QCD contribution of order O(α s ) takes into account virtual and real emission corrections with one additional parton in the final state. Representative Feynman diagrams are shown in Fig. 2 (left) . The important point to notice is that two new parameters enter the game: α s and gluon parton distribution function (PDF). NLO corrections change not only the kinematics picture but also the list of subprocesses. As can be seen in Fig. 2 (right) , for the case of W − Z production, the quark-gluon induced processes provides a dominant contribution at large p T . This contribution is huge, about 8 times larger than the Born contribution at p T = 700 GeV. This is a proof that QCD radiation can introduce large corrections, not only for kinematical distributions but also for total cross section (see Table 1 ). To understand this, it is important to note that the LO picture consists of onlysubprocesses. If we look into the quark PDFs, we see also gluon PDF and α s there. But remember that these parameters are confined there in the low-energy region, where only soft and collinear splittings are taken into account in the evolution of PDFs. At large p T , α s is small due to asymptotic freedom and g(x) is small due to large x (which is proportional to p T / √ s, with √ s being the center-of-mass energy of the proton-proton collision). So, why do we get larger correction with increasing p T ?
The answer was partially known a long time ago [8, 9] . The explanation, for the case of qg → ZW q, was due to the following mechanism. First a hard Z is produced, recoiling against the quark, and then the final quark radiates a soft W . The radiation of a soft W gives rise to a correction factor of the form α log
, which is responsible for the behavior shown in Fig. 2 
(right).
So far so good. Let's transfer the above understanding to the case of ZZ and W W . The results are shown in Fig. 3 . We can see that, qualitatively, the pictures look the same. The dominant correction at large p T is the qg channel and it has the same behavior as above understood. However, if we look carefully at the magnitude of the corrections, we notice that it is much larger for W W than for ZZ, and largest for W Z. The difference between M W and M Z is not enough to explain this, as observed in [23] . So, something must be missing.
The missing piece is something obvious. The soft W , in the W Z case, can be radiated not only from the final quark (as above said) but also from the Z boson and the initial-state quark. All possibilities must be taken into account to have a gauge invariant result. This helps us to see that the ZZ case is special as there are only two possibilities of Z radiation, from initial or final quarks. For the case of W W and W Z, one gauge boson can be radiated additionally from the other gauge boson. A detailed calculation using the leading logarithmic approximation at large p T was done in Ref. [16] . The results read
where the subscript L means that all quarks are left-handed and the coefficients c q V V ′ depend on the quark charges (Q q and hypercharge Y q ). Numerically, we get
We can now see better why the quark-gluon induced correction is different for the three processes. It is noted that Eqs. (5), (2), (3) are only for the numerators of the ratios shown in Figs. 2 and 3. To fully explain these plots we have to compare also the denominators. By doing so we recognize that PDFs also play a role. The above line of reasoning helps us to notice that the NLO picture is still not complete. The gluon-gluon fusion mechanism is not there. This may be important due to large gluon PDF. Moreover, the process gg →qq ′ V V ′ occurring at NNLO QCD, introduces a new mechanism, where both gauge bosons are softly radiated off the final quarks. This brings large double-double logarithmic effects when the two quarks are produced with high p T , recoiling against each other. However, the amplitude of gg →qq ′ is smaller at increasing p T . So we are seeing here two competing effects. The question is: how large is NNLO QCD correction?
To answer that question, we first look at the corrections to the total cross section. This does not help us to understand what happens at large p T , because the main contribution to the total cross section comes from low p T region. Nevertheless, it is also important to examine the small p T region and this simple observable can help us to understand the QCD corrections better. The total cross sections at LO, NLO QCD, and NNLO QCD for on-shell production at 13 TeV LHC are given in Table 1 
Statistical errors are beyond the digits shown. The errors here are scale uncertainties due to variation of factor 2 around the center scale. Results taken from Refs. [10, 11, 13] . NLO EW corrections are negligible for total cross section, see Section 5.
From this table, we observe that NLO QCD corrections to the total cross section are large, about 50% for the ZZ and W W processes and 80% for W ± Z. We can separate the NLO correction into two parts: (i) thepart includes the virtual and real-gluon-radiated corrections and (ii) the qg part includes the quark-gluon induced corrections. They are individually UV and IR finite. The calculation of Ref. [16] reveals that thepart is completely dominant for ZZ and W W . The qg correction is very small (less than 10% compared to the Born) because of a cancellation between different regions of phase space. This can be seen in Fig. 3 , where the correction is positive at large p T and negative at low energies. The case of W ± Z is different. Thecorrection is still larger, but no longer dominant. The qg correction is large because the cancellation between low and high energy regions is less severe, as can be seen in Fig. 2 (right) . And since both corrections are positive, the total correction is larger than in the ZZ and W W cases.
We now turn to the NNLO QCD corrections. Compared to the NLO QCD cross section, the correction is about 20% for ZZ and W W and 10% for W ± Z, as shown in Table 1 . The correction for the electrically neutral final states is larger, partly due to the loop-induced gg mechanism, which introduces a positive correction of about 8(3)% for ZZ(W W ), compared to the NLO result at 14 TeV LHC [16] . We move on to distributions. In Fig. 4 , invariant mass and transverse momentum distributions of the W W system, for on-shell W W production at 8 TeV LHC, are shown. The NNLO correction is large at low energies (reaching 40% at p T ≈ 50 GeV), where both gauge bosons are soft. This may be due to the gg →qq ′ V V ′ mechanism above mentioned.
Uncertainties and precision
We first discuss theoretical uncertainties on the total cross section. The common way to estimate this is combining the scale uncertainty with the PDF+α s uncertainty (you may call it a sophisticated guess). The scale uncertainties are shown in Table 1. The PDF+α s uncertainties are about 4% for all three processes according to Ref. [16] . ATLAS used 2 or 3% [25, 26] and CMS about 1.5% [27, 28] . To be conservative, we choose to use 4%. Adding them linearly gives about 7% uncertainty at NNLO QCD. This gives us an idea of the highest precision we can achieve. Compared to LEP2 [29] , it is better for ZZ but worse for W W .
The theoretical uncertainty should be taken with a pinch of salt, as can be seen from Table 1 . Referencing to the NNLO result, we see that both the LO and NLO scale uncertainties are too small. So, it is better to be a bit more conservative.
Can we compare theory and experiment calculations? For this we have to understand the experiment calculation. After the reconstruction of charged leptons and jets, passing a set of kinematic cuts which define the fiducial phase space, a signal cross section is calculated. This is called fiducial cross section, σ ex fid . We have to use the same cuts for leptons and jets in the theory calculation to get σ th fid . The two observables are not exactly the same, because a jet in experiment is reconstructed from calorimeter deposits while it is a combination of partons in theory. Similar things can be said for leptons. It can be helpful to think of the experiment measurement as an all-order calculation. We therefore should not expect a perfect agreement. At the moment, the agreements among ATLAS, CMS and theory are within two standard deviations [30, 31, 25, 26, 27, 28] . However, the precision is not very high, larger than 10% (which is not a surprise given the above large theory uncertainty). From the experimental side, statistical errors can be reduced with high luminosity, but systematic errors are difficult to reduce.
The difficulty with fiducial cross section comparisons is that the fiducial phase space is often changing with time (depending on machine energy, choice of analysis, ...) and varies with experiments. Moreover, what should we do if we want to combine results of different experiments? It is therefore useful to calculate also the total cross section based on a common definition of the total phase space. For this we have to extrapolate from the fiducial to the total phase space. This extrapolation factor is calculated using Monte-Carlo programs, assuming the SM. This is not a good thing to do if we want to search for new physics, please keep this in mind.
NLO EW corrections
Since α ≈ α 2 s , we naively expect that NLO EW corrections are about the size of NNLO QCD ones. For the total cross section, we have seen that NNLO QCD brings 10% for ZZ or W W and 20% for W ± Z. NLO EW correction is about −3% for ZZ, +1.5% for W W (mainly due to the LO γγ contribution counted as a NLO EW correction here), and is negligible for W Z channels. To understand why NLO EW corrections to the total cross section are so small, we have to look at distributions.
In Figure 5 : Transverse momentum distribution for ZZ (left), W W (middle), and W − Z (right). Plots taken from Ref. [16] .
Similarly to NLO QCD corrections, we split the NLO EW correction into different contributions: virtual, quark-photon induced, and photonradiated corrections. The photon-photon contribution at LO and NLO to W W production are also plotted. We observe that the effect of the virtual Sudakov loga-
is clearly visible in the ZZ panel, reaching −40% correction at p Z T = 700 GeV. This effect is also important for W W and W Z. However, it is largely cancelled by the quark-photon induced contribution. We notice that the qγ contribution is largest for W − Z, reaching +60% at 700 GeV, about +25% for W W and negligible for ZZ. This can be explained using the same argument presented above for the quark-gluon induced contribution. It is very small for ZZ because the photon PDF is suppressed. It is large for W W and W Z because there occurs a new mechanism related to the EW γ → W + W − splitting, which introduces a hard process with t-channel W exchange. The amplitude of this new hard process is large, leading to large corrections. An analytical explanation using leading logarithmic approximation is given in Ref. [16] . The cancellation of the virtual and quark-photon induced contributions in the case of W W and W Z is really striking. We will aslo see this when leptonic decays are included (see the right plot of Fig. 7) . It is important to keep this cancellation in mind. The photon contribution is more important than we thought.
We now look at Fig. 6 , where the process pp → µ + µ − e + e − + X is considered with full NLO EW corrections [17] . The charged leptons originate from either the Z boson or the photon. However, cuts are used to require M µµ and M ee to be close to the Z mass, with M 4l > 100 GeV in addition. The latter means that dominant contributions come from kinematic configurations where at least one Z can be onshell. The figure shows the M µµ (left) and M 4l distributions, together with the full NLO EW corrections and the genuine weak corrections (where photonic corrections are excluded) in the lower panels. We see that the photonic corrections can be large, reaching maximally +50% in M µµ distribution and about +25% in M 4l . These large QED corrections occur just before the M Z and 2M Z thresholds. This is due to final- Figure 6 : Invariant mass distributions of µ + µ − (left) and of µ + µ − e + e − (right) system for µ + µ − e + e − production at 13 TeV LHC. Cuts are used to require M µµ and M ee to be close to the Z mass, with M 4l > 100 GeV in addition. The relative EW and purely weak corrections are shown in the lower panels. Plots taken from Ref. [17] where other cuts and PDFs are specified. state-radiation effects, which introduce new on-shell poles at lower values of M µµ or M 4l in the phase space, as noted in Ref. [17] . It is also interesting to note that both corrections change the sign near the thresholds. From a practical viewpoint, it is important to separate the purely weak corrections so that we can fetch it into a parton-shower Monte-Carlo program to better account for photonic corrections.
Full NLO EW corrections to W + W − production, with leptonic decays, full offshell and spin-correlation effects taken into account, have been recently calculated in Ref. [18] . Their results for p T,e distribution are shown in Fig. 7 . For the left plot, a jet veto of p veto = 25 GeV is used. The right plot displays additionally results for no jet veto and for p veto = 100 GeV. First, consider the case of no jet veto. We can compare the right plot with the p W + T distribution discussed above at the on-shell W W level. The two plots look similar, both showing a strong cancellation between the quark-photon induced contribution and the virtual correction, leading to a small total EW correction up to 600 GeV. If jet veto is used then the quark-photon induced contribution is suppressed, making the total NLO EW correction more negative. The tight veto of 25 GeV kills this almost completely, while the 100 GeV veto also reduces it drastically, from 40% to below 10% at about 700 GeV. The motivation to use jet veto is to reduce the huge tt background. However, the price to pay is that theoretical uncertainties increase (see e.g. [32] ). [18] where cuts and PDFs are specified.
Final remarks
Can we reach 1% precision for massive gauge boson pair production at the LHC? At the moment it looks impossible, the NNLO QCD uncertainties are still too large. We would need then next-to-NNLO QCD calculations and reduce PDF+α s errors at the same time.
In any case, matching and merging between fixed-order calculations and parton shower at NNLO QCD level are mandatory. This is yet to be done.
